environments (10s of meters or less) suggests that global atmospheric oxygen levels were 23 significantly lower than today. In contrast, the transition from ferruginous to euxinic subsurface 24 water is interpreted to reflect basinal control -specifically, increased export of organic carbon 25 from surface waters. Low fluxes of organic carbon into subsurface water masses should have 26 been insufficient to deplete oxygen via aerobic respiration, resulting in an oxic oxygen minimum 27 zone (OMZ). Where iron was available, larger organic carbon fluxes should have depleted 28 oxygen and facilitated anaerobic respiration using ferric iron as the oxidant, with iron carbonate 29 as the expected mineralogical signature in basinal shale. Even higher organic fluxes would, in 30 turn, have depleted ferric iron and up-regulated anaerobic respiration by sulfate reduction, 31 reflected in high pyrite abundances. Observations from the Chuar Group are consistent with 32 these hypotheses, and gain further support from pyrite and sulfate sulfur isotope abundances. In2002). For much of Earth history, water masses beneath the surface mixed layer were 48 predominantly anoxic, with ferruginous (anoxic and containing dissolved ferrous iron, Fe 2+ ) 49
Archean seas (e.g., Holland, 1984; Walker and Brimblecombe, 1985; Isley and Abbott, 1999 ; 50 Farquhar et al., 2000) giving way, after 1.9-1.8 Ga, to oceans that were oxic in the surface mixed 51 layer but commonly sulfidic in subjacent water masses (Canfield, 1998 The remaining Fe (i.e. FeT -FeHR) includes Fe in clay minerals and associated with other 138 silicates; it is essentially unreactive on the timescales associated with deposition and early 139 diagenesis (here termed FeU; Raiswell and Canfield, 1996; 1998; Poulton and Raiswell, 2002) . 140 141
Results 142
FeT in Chuar samples is unexceptional (Fig. 3 , Table S1 Sulfate sulfur, the redox complement to pyrite, was successfully extracted from 12 carbonate 164 beds within the Chuar succession (see Table S2 Walcott members, but is also common in shallow shelf environments --waters that would have 183 been below the mixed layer only under unusual shoaling of this boundary. 184
As our analyses are on outcrop samples, we must consider possible contributions from 185 secondary alteration by oxidative weathering, even though samples with visible surface staining 186
and Fe-oxidation were avoided. Post-depositional weathering reactions would cause the 187 speciation within the FeHR pool to change in a systematic fashion. To better understand theimplications of weathering-related secondary effects, we consider the two obvious end-members. 
Global versus local controls on redox profile
The redox history of the Chuar basin probably reflects both global and basinal influences, 219
and it is important to try to distinguish between the two. The oxygen content of the surface 220 mixed layer (10s to 100s of meters) is a direct function of exchange and equilibration with the 221 atmosphere, and as such, will be controlled by atmospheric P O2 and sea surface temperature. P O2 222 is a global feature whereas temperature will vary with latitude. Low paleolatitudes for Chuar 223 deposition suggest warm surface waters, possibly warmer than the ~25°C of comparable modern 224
waters, but unlikely to have been much above 40°C, given the diversity of eukaryotic organisms 225 recorded in Chuar rocks. In seawater, oxygen solubility is only about 20% lower at 40°C than at 226 25°C (Sarmiento and Gruber, 2006) . Thus, by itself, high and fluctuating temperatures are 227 unlikely to explain the repeated establishment of anoxia in shallow waters and atmospheric P O2 228 much lower than today's seems mandated. 229
The dissolved oxygen content (DO) of subsurface water masses has additional controls. 230
Noting that density gradients strongly influence vertical exchange, the DO of deeper waters is 231 influenced by the P O2 and temperature at the point where the water was last in contact with the 232 however, DO reflects the downward flux of organic carbon (OC) from surface waters. Aerobic 236 respiration of imported OC will reduce the DO pool in subsurface water masses, and if the OC 237 flux exceeds the DO supply, anoxia will develop and organic remineralization will continue 238 through anaerobic pathways. Because of its high ATP yield and thermodynamic gain, aerobic 239 respiration will be favored when oxygen is available. In the absence of oxygen, alternative 240 oxidants will be employed in a predictable order based on energy yield: NO 3 -, then Fe 3+ , SO 4 2-, 241 and finally CO 2 (methanogenesis). 242
Globally averaged, the oxygen content of the modern ocean is quite high, since today's 243 atmosphere contains ~20% O 2 . As a result, nitrate and sulfate levels are also high, whereas iron 244 concentrations are low. Regionally, however, the subsurface oxygen minimum zone (OMZ) can 245 experience extreme oxygen depletion, often associated with areas of upwelling. As outlined 246 above, delivery of nutrient-rich waters fuels primary production, and the ensuing export of OC to 247 the OMZ can draw down local oxygen via aerobic respiration. Whether oxygen-depleted waters 248 become sulfidic or not depends on complex interactions among primary production, OC, and thenitrogen cycle (Meyer and Kump, 2008; Canfield, 2006) . In today's oceans, however, anoxic 250 waters are occasionally, though not commonly sulfidic and rarely if ever ferruginous. 251
In contrast, during the Archean Eon, when atmospheric P O2 was exceedingly low, water 252 masses would have been anoxic from top to bottom. In consequence, NO 3 -and SO 4 2-levels must 253 have been low, and in contrast to today, iron would have played a dominant role in ocean 254 chemistry and the carbon cycle (e.g., Fischer and Knoll, 2009) 
. Following the 255
Great Oxidation Event at ~2.4 Ga (Holland, 1984; Farquhar et al., 2000) , oxidative weathering of 256 sulfides and greater riverine influxes of sulfate would have caused marine sulfate abundance to 257 increase, and by ~ 1800 Ma it appears that sulfate levels had risen enough for sulfide generated 258 during bacterial sulfate reduction to titrate out the dissolved iron load (Canfield, 1998 Further research will test this hypothesis, but Chuar data do suggest that the Neoproterozoic 284 return of ferruginous conditions in subsurface waters began some 800 million years ago, in 285 association with extensive rifting and well before the Sturtian ice age and its associated iron 286 formation. In fact, our evidence for a pre-Sturtian return of iron-rich conditions helps to explain 287 the presence of iron formation associated with Sturtian glaciogenic deposits. 288
Why then do upper Chuar rocks record a transient return of sulfidic bottom waters? We 289 cannot rule out the short-lived return of S excess regionally or globally, but given the timescales 290 for weathering (the generation of sulfate) and volumetric flux of riverine inputs (delivery of 291 sulfate), a punctuated increase in sulfate for at best a few million years seems unlikely. 292
The alternative is to explain Chuar euxinia in terms of basic biogeochemical features of 293 the carbon cycle. As noted above, oxidant use in respiration will follow a pattern prescribed by 294 energy yield. Importantly, nitrate levels were probably low in Neoproterozoic oceans (Fennel et 
The sulfur isotope record: 319
Sulfur isotope analyses of sedimentary sulfides in Chuar Group samples (Fig. 4) Conventionally, ferruginous conditions are thought to require low concentrations of 333 seawater sulfate, as suggested, for instance, for Archean oceans (Habicht et al., 2002) . It has also 334 been proposed that in order to produce larger isotopic fractionations from seawater sulfate, such 335 as the 25‰ measured here, seawater sulfate must be reasonably high (that is, at mM levels). 336
This latter relationship has been used to argue that the apparent increase in the range of δ 34 S 337 fractionations at the Archean-Proterozoic boundary and, again, in the terminal Neoproterozoic 338 mark increases in seawater sulfate concentrations (Canfield and Teske, 1996) . If both 339 observations are correct, lower Chuar rocks may present slightly contradicting pieces of 340 conventional wisdom --ferruginous conditions accompanied by larger (not Archean-like)isotopic fractionations. Upon closer investigation, however, there is no strict a priori reason to 342 presume that ferruginous conditions require vanishingly low sulfate concentrations. 343
The overarching connection between ferruginous condition and seawater sulfate is more 344 literally a relationship between iron and sulfide, which has its own set of controls involving 345 organic carbon. Given at least moderate concentrations of seawater sulfate, such as the ~ 2-5 346 
Unifying biogeochemical principles: 357
It may, in fact, be the relative fluxes of reactive Fe, sulfate sulfur, and organic carbon to 358 any given environment that exerts control on how the local biogeochemistry develops. Put 359 differently, the chemical evolution of an environment will be related to the fluxes of electron 360 acceptors (O 2 , NO 3 -, Fe 3+ , SO 4 2-) and electron donors (organic carbon) available to heterotrophic 361 organisms. Although directly linked to fluxes to the ocean, for a microorganism it would be the 362 concentration of the species of interest at any given point; specifically within their 363 microenvironment. Given a choice of electron acceptor, there is a well-defined, 364 thermodynamically derived order in which microorganisms will use a specific oxidant ( From the above relationships we conclude that for sulfide to be the dominant reduced 393 species, there must be enough available OC to consume all the Fe 3+ and produce the quantity of 394 sulfide necessary to overwhelm the standing Fe 2+ pool. In examining the modern marine system, 395 we find that influxes of FeHR and S to the ocean are of the same order of magnitude (10 suggesting an increase in the proportional importance of prokaryotic primary producers and a 437 corresponding increase in C 27 relative to C 28 and C 29 steranes (Ventura et al., 2005) , suggesting a 438 shift in algal populations from predominantly green to red algae. Some red algae (for example 439 Cyanidium) can perform anaerobic fermentation under oxygen stress whereas the same capacity 440
has not been observed in green algae (Lafraie and Betz, 1985) , potentially allowing reds to 441 persist opportunistically in the upper Chuar waters. However, given the requirement that they and continued work in contemporaneous basins will test our hypotheses. However, these data 487 suggest that the controls on regional ocean chemistry reflected both global (low atmospheric P O2 ) 488 and basinal conditions, especially OC export from the surface ocean and the supplies of electron 489 acceptors for anaerobic remineralization. The driving force of OC export puts in place a 490 prediction: low OC environments should favor ferruginous conditions whereas higher OC export 491 will push the system towards euxinia. More specifically, and after the first-order control of P O2 ,we propose a quantitative relationship between the fluxes of reactive iron, sulfate, and organic 493 carbon to seafloor environments that will poise the system. With sulfate and iron available, 494 responsibility then falls to OC export to adjudicate the fate of anoxic ocean chemistry. 495
Where ferric iron pools were exhausted in the Chuar basin and sulfate reduction ensued, 496 rates of sulfide production were probably low, as was the fraction of sulfide re-oxidized (high f py 497 values; see Canfield, 2004 In general, Chuar data contribute to an emerging picture of the Neoproterozoic Earth as a 508 world in flux. Geochemical data from the Chuar Group support the hypothesis that a return to 509 ferruginous chemistry in subsurface waters long predated the Ediacaran transition to more fully 510 oxygenated oceans (Canfield et al., 2008) . In fact, evidence for pre-Sturtian iron-rich conditions 511 also helps resolve questions surrounding the resurgence of iron formation in Sturtian glacial 512 deposits. Indeed, our data suggest that this return began some 800 million years ago, more or 513 less coincident with paleogeographic (Kirschvink, 1992) and Sr-isotopic data (Veizer and Cryogenian and a potentially increased contribution from oxygenic photosynthesis to primary 517 production during this time (Johnston et al., 2009 ), may also help to explain the variability in 518 δ 13 C records and why this period was so vulnerable to climatic perturbations. Thus, tectonics, 519 climatic change, redox transition and biological evolution may well be intricately interwoven 520 strands of the dynamic Neoproterozoic Earth system (e.g., Knoll, 1992) . The extent to which 521
Chuar strata faithfully and fully represent the global ocean is unclear, but hypotheses inspired by 522
Chuar data are testable with geochemical reconstructions targeting contemporaneous strata. 
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